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We introduce a nanoplasmonic isolator that consists of a cylindrical resonator placed close to a metal-dielectric-metal
(MDM) waveguide. The material filling the waveguide and resonator is a magneto-optical (MO) material, and the structure
is under an externally applied static magnetic field. We theoretically investigate the properties of the structure and show
that the cavity mode without MO activity splits into two modes when the MO activity is present. In addition, we find that the
presence of the MDMwaveguide leads to a second resonance due to the geometrical asymmetry caused by the existence of
the waveguide. We also show that, when MO activity is present, the cavity becomes a traveling wave resonator. Thus, the
transmission of the structure depends on the direction of the incident light, and the proposed structure operates as an
optical isolator.
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1. Introduction

Nonreciprocal elements such as circulators and isolators are
essential for the realization of integrated optical circuits[1].
The design of nonreciprocal components requires breaking
the time reversal symmetry[2,3]. This can be achieved through
the use of nonlinear materials[4,5], materials with time-depen-
dent properties[6], and magneto-optical (MO) materials[7].
However, since the MO response of natural materials is weak at
optical wavelengths, designing nonreciprocal devices that are
based onMOmaterials results in bulky structures that are much
larger than the wavelength[8]. The advent of silicon photonics
and photonic crystals has reduced the size of nonreciprocal opti-
cal components down to wavelength scale[9–12]. To further
decrease the size down to the subwavelength scale, one needs
to beat the diffraction limit. Nanoscale metallic structures that
support surface plasmon polaritons can be used to achieve sub-
wavelength scale optical components, because they can beat the
diffraction limit[13,14]. Combining metallic and MO materials
can therefore pave the way for highly compact nonreciprocal
plasmonic elements[15–22]. One of the promising ways to
engineer integrated plasmonic circuits is to employ metal-
dielectric-metal (MDM) waveguides[23]. Several different nano-
scale plasmonic components based on MDM waveguides have
been proposed, including filters[24,25], couplers[26,27], sen-
sors[28–30], switches[31–35], and rectifiers[36].
In this paper, we introduce a nanoplasmonic isolator, which

consists of a cylindrical resonator placed close to an MDM

waveguide. The material filling the waveguide and resonator is
anMOmaterial, and the structure is under an externally applied
static magnetic field. We first investigate the modes of the cylin-
drical cavity resonator when the MDM waveguide is absent. We
show that the cavity mode without MO activity splits into two
modes when MO activity is present. Results for the wavelength
splitting obtained with first-order perturbation theory agree well
with the exact results. We then investigate the coupling between
theMDMwaveguide and the cavity.We find that the presence of
theMDMwaveguide leads to a second resonance due to the geo-
metrical asymmetry caused by the existence of the waveguide. In
the presence of both the MDM waveguide and MO activity, the
mode splitting is due to both geometrical asymmetry and MO
activity.We also show that, whenMO activity is present, the cav-
ity becomes a traveling wave resonator. Traveling wave modes
do not decay equally into the forward and backward propagating
MDM waveguide modes due to momentum matching. As a
result, the transmission of the structure depends on the direction
of the incident light. The proposed structure therefore operates
as an optical isolator. We also find that there is a tradeoff
between the isolation ratio and the insertion loss, as the geomet-
rical parameters of the structure are varied.

2. Results

Figure 1 shows the schematic of the proposed nanoplasmonic
isolator. We consider a two-dimensional structure with no field
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variation in the z direction. The device consists of a cylindrical
resonator placed close to an MDM waveguide. The structure is
under a static magnetic field in the z direction. The metal is sil-
ver. For the dielectric permittivity of silver ϵm, we use the Drude
model with a dielectric constant at infinite frequency ϵ∞ = 3.7,
bulk plasmon frequency ωp = 9.1 eV, and collision frequency
γ = 0.018 eV[37]. The material filling the waveguide and resona-
tor is an MO material. A tensor describes the dielectric permit-
tivity of the MO material under a static magnetic field in the z
direction:

¯̄ϵ = ϵ0

2
4 ϵr iα 0
−iα ϵr 0
0 0 ϵ⊥

3
5, (1)

where α is the strength of MO activity. Bismuth iron garnet
(BIG) is the MO material that we use here with ϵr = 6.25 and
α = 0.06[15,38], which saturates in an externally applied static
magnetic field of 150 mT[39].

2.1. Cavity modes when the MDM waveguide is absent

We first investigate the resonance condition and modes of the
cylindrical cavity resonator exposed to a static magnetic field
when the MDM waveguide is absent. By applying the boundary
conditions at the metal-dielectric interface at ρ = R, one can
derive the following resonance condition for the TMmodes sup-
ported by the cavity[40]:
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where m is the azimuthal mode number, Jm is the mth-order

Bessel function of the first kind, H�2�
m is the mth-order Hankel

function of the second kind, k1 = k0
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p
, k2 = k0
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p
, and

ϵe = ϵr − α2=ϵr . In addition, k0 = ω=c is the free-space wave
number. In the presence of a material loss in the metal, the sol-
utions, which satisfy Eq. (2), are complex[37]. Here, we only con-
sider low-order modes, which have relatively low loss, so that the
corresponding solutions of Eq. (2) have a small imaginary part.
Each cavity mode is characterized by two mode numbers, the
radial mode number n and the azimuthal mode number m.
The fundamental mode of the cavity has m = n = 1. When

the off-diagonal elements of the dielectric permittivity tensor
in Eq. (1) are set equal to zero (α = 0), Eq. (2) reduces to the res-
onance condition for an isotropic cylindrical resonator[37].
There are two differences between the resonance conditions
for an isotropic cylindrical resonator[37] and for an anisotropic
cylindrical resonator filled with an MO material [Eq. (2)]: when
the resonator is filled with anMOmaterial (α ≠ 0), the first term
on the left side of Eq. (2) is nonzero. In addition, the second term
on the left side of Eq. (2) is modified, since ϵe is different than ϵr
for α ≠ 0. In the absence of the first term on the left side of
Eq. (2), the ±m cavity modes are degenerate with the same res-
onant wavelength. In the presence of an MO material (α ≠ 0),
the first term on the left side of Eq. (2) breaks the symmetry
between the ±m cavity modes. These modes are no longer
degenerate, since they have different resonant wavelengths.
The cavity mode with resonant wavelength λc withoutMO activ-
ity (α = 0) splits into twomodes with resonant wavelengths λ± =
λcm ± Δλ=2 when MO activity is present (α ≠ 0). This is analo-
gous to the Zeeman splitting of electronic states in atoms[41,42].
We calculate by solving Eq. (2) the resonant wavelengths of the
cylindrical resonator when the MDM waveguide is absent
(d =∞ in Fig. 1) as a function of the radius R of the cylindrical
cavity in the presence and absence of MO activity [Fig. 2(a)].
As expected, increasing R increases the resonant wavelengths
of the structure [Fig. 2(a)]. The dependence of the resonant
wavelengths on the radiusR is approximately linear.We also cal-
culate the resonant wavelengths of the cylindrical resonator
when the MDM waveguide is absent using the finite-difference-
frequency-domain (FDFD) method [Fig. 2(a)]. We observe that
there is excellent agreement between the results obtained by
solving Eq. (2) and the numerical results obtained using the
FDFD method. Since the functionality of the structure of
Fig. 1 as an isolator is based on the cavity mode splitting when
MO activity is present, we investigate the dependence of the
wavelength splitting Δλ when MO activity is present on the
parameters of the structure. More specifically, we use the first-
order perturbation theory and find the following expression for
the wavelength splitting Δλ[42]:

Δλ ≈
mαλ3c jJm�k 0

1R�j2

π2ϵrϵe
hR

R
0 jJm�k 0
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where k
0
1 = 2π

����
εr

p
=λc.

Fig. 1. (a) Nanoplasmonic isolator that consists of a cylindrical cavity with radius R placed close to anMDMwaveguide with widthW. Themetal andMOmaterial are shown
with blue and orange colors, respectively. The structure is under a static magnetic field in the z direction. (b) Cross-sectional view of the structure at the z = 0 plane.
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We note that the assumption α
ϵr
≪ 1 was used to derive

Eq. (3). Figure 2(b) shows the calculated Δλ as a function of
α. We observe that the perturbation theory results [Eq. (3)] for
the wavelength splittingΔλ whenMO activity is present and the
MDM waveguide is absent agree well with the exact results
obtained by solving Eq. (2), confirming the validity of the per-
turbation theory in describing the properties of the structure.
We also observe that for large α the results obtained with the
perturbation theory slightly deviate from the exact results, since
α
ϵr
≪ 1 no longer holds.

2.2. Effect of MO activity on the cavity modes

We now consider how the off-diagonal elements in the dielectric
permittivity tensor of the MOmaterial [Eq. (1)] affect the cavity
modes. TheHz and Eρ field components inside the cavity can be
written as follows:

Hz = AJm�k1ρ�eimϕ, (4)

Eρ =
1

ρωϵ0ϵrϵe
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m�k1ρ� �mϵrJm�k1ρ��eimϕ: (5)

Using Eqs. (4) and (5), the ϕ̂ component of the Poynting vec-
tor inside the cavity can be calculated as follows:

Sϕ = −Re
�
1
2
EρH*

z

�

= Re
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−
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�
: (6)

Based on Eq. (6), without MO activity (α = 0), the ϕ̂ compo-
nent of the Poynting vector Sϕ is an odd function of the

azimuthal mode number m. The ϕ̂ component of the total
Poynting vector at the resonant wavelength λc, which is the
sum of the ϕ̂ components of the Poynting vectors of the �m
and −m modes, is therefore zero. Thus, without MO activity,
the resonant fields of the cavity are standing waves. On the other
hand, when MO activity is present (α ≠ 0), the ϕ̂ component of
the Poynting vector Sϕ is no longer an odd function of the mode
number m because of the second term in Eq. (6). In addition,
the ±m modes are no longer degenerate. Thus, when α ≠ 0,
the ϕ̂ component of the total Poynting vector is not zero.
Consequently, when MO activity is present, the fields inside
the cavity are no longer standing waves, and the cavity becomes
a traveling wave resonator.

2.3. Effect of the MDM waveguide on the cavity modes

So far, we investigated the modes of the cylindrical cavity when
the MDM waveguide is absent. We demonstrated that, when
α ≠ 0, the cavity mode splits into two modes with resonant
wavelengths that can be calculated using Eq. (2). In addition,
we showed thatMO activity converts the fields of the cavity from
standing waves to traveling waves. The resonant wavelengths of
the structure of Fig. 1 are affected when the cavity is placed in
close proximity to theMDMwaveguide. We will first investigate
the coupling between theMDMwaveguide and the cavity and its
effect on the resonant wavelengths of the modes of the structure
without MO activity. We will next investigate the effect of the
waveguide when MO activity is present.
To investigate the effect of the coupling between the wave-

guide and the cavity on the resonant wavelengths of the struc-
ture, we calculate the transmission, reflection, and absorption
spectra without MO activity (α = 0) for the structure of Fig. 1.
Results are shown in Fig. 3 for different values of the distance d
between the cavity and the waveguide. We observe that the
MDM waveguide leads to a second resonance in the response

Fig. 2. (a) Resonant wavelength of the cylindrical resonator when the MDM waveguide is absent (d =∞ in Fig. 1) as a function of the radius R of the cavity. The
metal is silver, and the MO material is bismuth iron garnet (BIG). The resonant wavelength λc without MO activity (α = 0) calculated with FDFD is shown with black
circles. The resonant wavelengths λ+ and λ_, when MO activity is present (α = 0.5), calculated with FDFD are shown with red and blue circles, respectively. The
resonant wavelengths of the cylindrical resonator when the MDM waveguide is absent calculated by solving Eq. (2) are shown with black, red, and blue solid lines.
(b) The differenceΔλ = λ+−λ_ between the resonant wavelengths λ+ and λ_ of the cylindrical resonator when the MDM waveguide is absent (d =∞ in Fig. 1) as a
function of the strength of MO activity α calculated with FDFD (red dots) for R = 120 nm. Also shown are the exact results calculated by solving Eq. (2) (solid line) and
the perturbation theory results [Eq. (3)] (open circles) for the cylindrical resonator when the MDM waveguide is absent.

Chinese Optics Letters Vol. 19, No. 8 | August 2021

083602-3



of the structure [Figs. 3(a) and 3(b)]. Similar to the case where
MO activity is present, the two resonant wavelengths are
denoted as λ� and λ−. We also observe that decreasing d shifts
λ� towards longer wavelengths and increases the splitting
between the two modes. On the other hand, increasing the dis-
tance d, as expected, reduces the effect of the MDM waveguide
and brings the resonant wavelengths closer to the resonant
wavelengths of the cavity when the MDM waveguide is absent.
Figure 3(c) shows the transmission, reflection, and absorption
spectra of the structure of Fig. 1 with d = 30 nm.We observe that
the structure appears to have only one resonant mode. One
could conclude that increasing d reduces the effect of the wave-
guide to the extent that the two modes coincide. However, in
order to demonstrate the effect of loss, we show the transmission
spectra of the same structure (d = 30 nm) in the absence of loss
in Fig. 3(d). We observe that in the lossless case the presence of
theMDMwaveguide leads to a second resonance in the response
of the structure. The reason why the second resonance is not
observed in the lossy structure [Fig. 3(c)] is that the presence
of loss in the system increases the bandwidth of the modes as
well as the transmitted power at the resonant wavelengths. As
a result, if d is large enough, the two modes become indistin-
guishable. One can therefore conclude that the waveguide in
the proximity of the cavity leads to a new resonant mode, which
causes the structure to resonate at two different wavelengths.
The appearance of the new resonant mode is due to the

geometrical asymmetry in the structure caused by the existence
of the waveguide. In the absence of the waveguide, the structure
has spatial rotational symmetry. However, the presence of the
waveguide breaks the symmetry of the structure and causes
the cavity modes to have different resonant wavelengths. One
can compare the geometrical asymmetry here to a similar struc-
ture with a rectangular resonator, where the difference between
the width and the length of the resonator results in different res-
onant wavelengths for the cavity modes. In addition, we observe
that the reflection and absorption at the two resonance wave-
lengths are different [Figs. 3(a) and 3(b)], with the incident
power being mostly absorbed (reflected) at λ− (λ�). This differ-
ence is due to the fact that the proximity of the waveguide to the
cavity affects the effective refractive index experienced by light,
which in turn introduces a resonant wavelength at λ�, at which
light is mostly reflected. On the other hand, at λ = λ−, the drop in
transmission is mostly due to absorption. In addition, the reso-
nant wavelength λ− is almost independent of d, whereas the res-
onant wavelength λ� is strongly dependent on d. When the
MDM waveguide is absent, any line through the center of the
cylindrical cavity is an axis of symmetry. However, in the pres-
ence of the waveguide, this no longer holds. The MDM wave-
guide breaks the symmetry with respect to the x axis. On the
other hand, the structure is still symmetric with respect to the
y axis. As a result, only onemode, themode at λ = λ�, is affected.
The analogy between rectangular resonators can be used again to

Fig. 3. (a) Transmission T, reflection R, and absorption A spectra without MO activity (α = 0) for the structure of Fig. 1 calculated with FDFD for R = 120 nm, W =
50 nm, and d = 10 nm. (b) Same as (a) except d = 15 nm. (c) Same as (a) except d = 30 nm. (d) Transmission T spectra for α = 0 and d = 30 nm. Also shown are the
transmission spectra in the absence of loss in the metal (γ = 0).
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explain the physics behind this phenomenon. The effect of
decreasing the distance between the cavity and the waveguide
is similar to changing the length of a rectangular resonator while
keeping its width constant.
We next investigate the effect of MO activity on the perfor-

mance of the device. As discussed above, the cavity mode with-
out MO activity splits into two modes when MO activity is
present. The MDM waveguide also leads to splitting of the
modes of the structure by breaking its geometrical symmetry.
Here, we investigate the performance of the device in the pres-
ence of both the MDM waveguide and MO activity. In this case,
the mode splitting is due to both geometrical asymmetry and
MO activity. As discussed above, when d is large enough
(d > 20 nm), the presence of loss makes the wavelength splitting
due to the MDM waveguide unobservable. Therefore, here, in
order to analyze the effect of the MDM waveguide when MO
activity is present on the wavelength splitting Δλ, the metal (sil-
ver) is assumed to be lossless. It should be noted that including
the effect of loss does not significantly change the value of the
calculated Δλ. However, in the presence of loss, the splitting
becomes unobservable for large d. Figure 4 shows the wave-
length splitting Δλ as a function of d for different strengths of
MO activity (α = 0, 0.05, 0.1, 0.15, 0.2) and for lossless metal
(γ = 0). We observe that, as expected, decreasing d increases
the splitting Δλ. In addition, as d increases, the effect of the
MDM waveguide becomes less significant, and the wavelength
splitting is mostly due to the presence of MO activity. Thus,
as d increases, the wavelength splitting Δλ approaches the value
corresponding to the absence of the waveguide calculated by
solving Eq. (2) (Fig. 4).

2.4. Design of a nanoplasmonic isolator

After investigating the cavity in the absence and presence of the
MDMwaveguide andMO activity, we propose an all-optical iso-
lator based on the structure shown in the schematic of Fig. 1. As
discussed above, the presence of the MDM waveguide and MO
activity leads to mode splitting. In addition, the resonant cavity
fields when MO activity is present become traveling waves.
Traveling wave modes do not decay equally into the forward
and backward propagating MDM waveguide modes due to
momentum matching[43]. The unequal decay rates and the fre-
quency splitting enable the device to operate as an isolator.
Figures 5(a)–5(c) show the transmission, reflection, and absorp-
tion spectra, respectively, for a structure with R = 120 nm,
d = 15 nm, and W = 50 nm in the presence (blue and red
curves) and absence (black curve) of MO activity. The blue
and red curves in Fig. 5(a) show the transmission spectra when
MO activity is present, and light is incident from the left and
right directions, respectively. Compared to the case where there
is no MO activity (black curve), the presence of MO activity
shifts the resonant wavelengths λ− and λ� towards shorter
and longer wavelengths, respectively. In addition, we observe
that, whenMO activity is present, the resonant mode at λ = λ− =
1310 nm is not excited when light is incident from the right
direction (red curve). On the other hand, the resonant mode
at λ = λ� is excited in both cases with a small difference in
the value of the transmission depending on whether light is inci-
dent from the left (blue curve) or right (red curve) direction
[Fig. 5(a)]. The small difference in transmission for modes inci-
dent from different directions at λ = λ� is due to the difference
in absorption [Fig. 5(c)]. As mentioned above, the presence of
MO activity converts the fields of the structure from standing
waves to traveling waves. Since traveling wave cavities exhibit
different decay behavior into the forward and backward propa-
gating waveguide modes, the transmission spectra depend on
the direction of the incident MDM waveguide mode. As shown
in Fig. 5(b), whenMO activity is present, the reflection spectra of
the structure for light incident from the left (blue curve) and
right (red curve) directions are identical. However, the absorp-
tion spectra when MO activity is present [Fig. 5(c)] depend on
whether light is incident from the left (blue curve) or right (red
curve) direction. The difference in the transmission spectra
when MO activity is present for light incident from the left
and right directions is due to this difference in the absorption
spectra. We also observe that at λ = λ− = 1310 nm when MO
activity is present, if light is incident from the left (blue curve),
it is mostly absorbed [Fig. 5(c)], whereas, if light is incident from
the right (red curve), it is mostly transmitted [Fig. 5(a)]. The
proposed structure therefore operates as an optical isolator at
λ = λ− = 1310 nm in the presence of a static magnetic field.
Figure 5(d) shows the magnetic field profile at λ = λ− =
1310 nm when light is incident from the left (bottom) and right
(top) directions, confirming that the device operates as an iso-
lator when MO activity is present.
We next investigate in detail the effect of the geometrical

parameters of the structure on its performance. As mentioned

Fig. 4. DifferenceΔλ = λ+−λ_ between the resonant wavelengths λ+ and λ_ of
the structure shown in Fig. 1 with W = 50 nm and R = 120 nm as a function of the
distance d between the cavity and the waveguide. Results are shown for dif-
ferent strengths of MO activity (α = 0, 0.05, 0.1, 0.15, 0.2) and for lossless metal
(γ = 0).
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above, the structure is used as an optical isolator at the resonant
wavelength λ− when MO activity is present. The resonant wave-
length λ− is itself a function of the parameters of the structure.
In Fig. 6(a), we show the resonant wavelength λ− as a function

of the radius R of the cylindrical cavity and the distance d
between the cavity and the waveguide (Fig. 1). As also discussed
above, the resonant wavelength λ− increases approximately lin-
early with the radius R of the cylindrical cavity. In addition, the

Fig. 5. (a) Transmission spectra for the structure of Fig. 1 calculated with FDFD for R = 120 nm, d = 15 nm, and W = 50 nm, when MO activity is present (α = 0.06), and
light is incident from the left (forward) and right (backward) directions. Also shown are the transmission spectra without MO activity (α = 0). (b) Reflection spectra
for the structure of Fig. 1. All other parameters are as in (a). (c) Absorption spectra for the structure of Fig. 1. All other parameters are as in (a). (d) Magnetic field
profiles at λ = λ−=1310 nm when MO activity is present (α = 0.06), and light is incident from the left (bottom figure) and right (top figure) directions. All other
parameters are as in (a).

Fig. 6. (a) Resonant wavelength λ− when MO activity is present for the structure of Fig. 1 as a function of the radius R of the cylindrical cavity and the distance d
between the cavity and the waveguide calculated with FDFD. All other parameters are as in Fig. 5(a). (b) Insertion loss, defined as−10 log10(Ton), for the structure of
Fig. 1 as a function of R and d calculated with FDFD. Here, Ton is the transmission for light incident from the right direction. The insertion loss is calculated at the
resonant wavelength λ− when MO activity is present, which is a function of R and d. (c) Isolation ratio for the structure of Fig. 1 as a function of R and d calculated
with FDFD. The isolation ratio is defined as the ratio of the transmission for light incident from the right direction Ton to the transmission for light incident from the
left direction Toff. The isolation ratio is calculated at the resonant wavelength λ− when MO activity is present, which is a function of R and d.
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presence of the MDM waveguide shifts the cavity resonance
towards longer wavelengths, and the resonant wavelength λ−
increases as d decreases [Fig. 6(a)]. Thus, the wavelength of
operation of the isolator can be tuned by adjusting the geomet-
rical parameters of the structure. In Fig. 6(b), we show the inser-
tion loss of the isolator, defined as −10 log10�Ton�, as a function
of R and d. Here, Ton is the transmission for light incident from
the right direction. The insertion loss is calculated at the reso-
nant wavelength λ− whenMO activity is present, which, as men-
tioned above, is a function of R and d [λ− = λ−�R,d�]. We
observe that increasing d decreases the insertion loss. This is
expected, since increasing d decreases the coupling between
the MDM waveguide and the cavity[43] so that more power is
transmitted on resonance. Finally, in Fig. 6(c), we show the iso-
lation ratio of the structure, defined as the ratio of the transmis-
sion for light incident from the right direction Ton to the
transmission for light incident from the left direction Toff

[Fig. 5(d)]. Similar to the insertion loss, the isolation ratio is also
calculated at the resonant wavelength λ−�R,d�whenMO activity
is present. We observe that for a given R the isolation ratio is
maximized for a specific value of d. Further increasing the dis-
tance d decreases the insertion loss but also decreases the isola-
tion ratio. In other words, there is a tradeoff between the
isolation ratio and the insertion loss, as the geometrical param-
eters of the structure are varied.

3. Conclusions

We introduced a nanoplasmonic isolator, which consists of a
cylindrical resonator placed close to an MDM waveguide. The
waveguide and resonator are filled with an MO material, and
the structure is under a static magnetic field. We found that,
in the absence of the MDM waveguide, the cavity mode without
MO activity splits into two modes when MO activity is present.
We also found that the MDM waveguide leads to a second res-
onance in the response of the structure, due to the geometrical
asymmetry caused by the waveguide. In the presence of MO
activity, themode splitting is due to both geometrical asymmetry
and MO activity. In addition, when MO activity is present, the
cavity becomes a traveling wave resonator with unequal decay
rates into the forward and backward propagating MDM wave-
guide modes. As a result, the transmission of the structure
depends on the direction of the incident light.When light is inci-
dent from one direction, it is mostly absorbed, whereas, when it
is incident from the other direction, it is mostly transmitted. The
proposed structure therefore operates as an optical isolator. We
finally showed that there is a tradeoff between the isolation ratio
and the insertion loss of the proposed isolator.
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